We simulate hot optical phonon decay in small diameter ͑Ͻ0.7 nm͒ carbon nanotubes, solving the phonon Boltzmann transport equation using Monte Carlo methods incorporating the full phonon spectrum and phonon-phonon scattering. Results indicate decay times inversely proportional to the lattice temperature with negligible dependence on hot phonon polarization/wave vector or nanotube diameter and chirality. Nonequilibrium optical phonons with energies of ϳ0.2 eV decay by emitting two ϳ0.1 eV optical phonons, corresponding to out-of-plane polarization modes in graphitic materials. Modes polarized perpendicular to the nanotube axis may allow manipulation of hot phonon effects by the near environment of the nanotube.
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Numerous experimental [1] [2] [3] and theoretical [4] [5] [6] studies indicate the importance of nonequilibrium optical phonons in single-walled carbon nanotubes ͑SWCNTs͒, impacting the electrical, thermal, and optical properties of these materials. In CNTs and similar materials, large hot phonon lifetimes on the order of 1-10 ps have been reported. [4] [5] [6] [7] It is widely believed that such hot phonons lead to conductance degradation, negative differential conductance, and enhanced thermal breakdown of suspended metallic SWCNTs. 1, 4 When semiconducting tubes are incorporated into electronic devices, results have shown that nonequilibrium thermal effects reduce the transistor on-current and cutoff frequency. 6 The presence of hot optical phonons is also expected to cause enhanced thermal breakdown, reduced thermal diffusivity, and the development of inhomogeneous heating within a nanotube. 1 Furthermore, hot phonon populations are predicted 4 to elevate near CNT boundaries and interfaces, degrading thermal conduction. Reduction in such nonequilibrium effects is likely to improve the performance of nanotubes in thermal management applications.
Here we report a Monte Carlo based study of the decay of nonequilibrium optical phonons in a CNT. The full phonon spectrum is included and calculated using the force constant method 8 and a continuum model 9 at low energies. The spectra of representative SWCNTs are shown in Fig. 1 along with labels for important sub-branches. In terms of fundamental tube indices ͑n , m͒, 8 zigzag ͑ZZ͒ ͑m =0͒ and armchair ͑AC͒ ͑m = n͒ conformations are considered. As the zone edge ͑ZE͒ spectrum corresponds to that of zone-folded graphene, sub-branches are labeled using graphene analogs: longitudinal acoustic ͑LA͒, transverse in-plane acoustic ͑T 1 A͒, transverse out-of-plane acoustic ͑T 2 A͒, and the corresponding optical modes ͑LO, T 1 O,T 2 O͒. The breathing mode ͑labeled B͒ is defined to agree with the continuum model at k = 0 and zone folding at k = X. Note that in this notation many "acoustic" ͑A͒ sub-branches have a finite energy as q → 0.
An interesting question is to what degree are hot phonon effects influenced by variations in nanotube temperature ͑T͒, chiral angle ͑ c ͒, and diameter ͑d͒.
8 Such c and d variations would affect the number and density of phonon sub-branches and the phonon-phonon scattering rate. In this effort we employ Monte Carlo simulation techniques 10, 11 to solve the spatially homogeneous, steady state phonon Boltzmann equation for the nanotube
Here ٌT is a constant temperature gradient along the tube axis and f k,␤ is the phonon nonequilibrium distribution function indexed by axial ͑k͒ and transverse ͑␤͒ wave vectors. Along the nanotube circumference, wave vectors ␤ are quantized in units of 2 / d. Upon scattering the momentum transfer given to the initial phonon is ͑q , ⌬␤͒. The three-phonon scattering rate for transitions from initial phonon state
where E and N are the energies and Bose-Einstein equilibrium occupation numbers for the three phonons involved. In Eq. ͑2͒, Dos is the density of final phonon states and the mass density of the nanotube is 2D d, where 2D = 7.6 ϫ 10 −7 kg/ m 2 . Three phonon scattering occurs when the initial phonon scatters from the lattice deformation arising from a promoter phonon. 12 The deformation potential ͑␥͒ is typically between ϳ1 and 2 eV; 12 here ␥ is a fitting parameter. The acoustic strain per unit lattice displacement due to the promoter ͑Sp͒ is given by [9] [10] [11] [12] [13] Eq. ͑2͒ in Ref. 13 . The optical strain is 2 / a. 10 To investigate the effects of axial wave vector ͑k͒ variations, initial optical phonons are allowed to occur at either k =0, X / 2, or X in Fig. 1 . Selection of ␤ allows specification of either zone center ͑ZC͒ or zone edge ͑ZE͒ phonons. This gives 12 distinct initial optical phonons that vary in polarization, proximity to the ZE, and axial wave vector. The temperature gradient along the CNT axis is ٌT = 25 meV/ m in Eq. ͑1͒. Simulation results for hot optical phonon decay in an AC ͑n , m͒ = ͑5,5͒ SWCNT are shown in Fig. 2 , where average effects are found in this work by simulating an ensemble of 200 decays for each of the 12 initial phonon states. Relaxation is defined when the hot phonon energy, including all emitted promoter phonons, decays down to twice the thermal energy k B T. Here we have used a deformation potential fitting parameter of ␥ = 0.5 eV to adjust the decay time ͑ hp ͒ to 3.2͑+7 / −3͒ ps on the average at room temperature as indicated by experiments and theory. 3, [5] [6] [7] This is the average considering variations in initial phonon wave vector and polarization. Results in Fig. 2 indicate that hp is inversely proportional to the lattice temperature. As T increases two factors account for reduced decay times: ͑1͒ the energy spacing between the hot phonon and equilibrium level, the thermal energy, is reduced and ͑2͒ scattering rates increase. Rates increase due to enhanced Dos broadening and increased phonon occupation levels. The latter effect is only significant for low energy phonons; at higher energies phonon decay is dominated by promoter emission processes where occupation numbers all approach 1. Previous work whereby the scattering rate was underestimated by using the equilibrium distribution for N i within the three-phonon scattering rate showed stronger temperature dependence in the decay.
14 Variations in the polarization and wave vector of the initial hot phonon are found to cause only minor changes in hp . A faster decay time is found to correlate with a larger group velocity in the initial phonon.
To determine how hp depends on c and d, simulations for a number of AC and ZZ tubes are shown in Fig. 3 . Results for small diameter SWCNTs, up to d ϳ 0.7 nm, show little variation in the decay time. Note that as d increases the number of phonon sub-branches increases linearly with d in AC and ZZ tubes, which in turn increases the density of available final scattering states Dos. However, the scattering rate is inversely proportional to the mass of the nanotube. The diameter dependence of the rate is governed by the term Dos/ d, which appears to have little diameter dependence from our results in Fig. 3 . Results indicate that hp is approximately independent of SWCNT diameter and chirality.
In Fig. 4 , a count of states occupied after each scattering event during the decay of an ͑n , m͒ = ͑5,5͒ SWCNT longitudinally polarized zone edge ͑LOZE͒ k = X hot phonon is shown. In the majority of scattering events phonons scatter into sub-branches of the T 2 O mode, the analog to the out-of- In summary, full phonon band Monte Carlo simulations of hot optical phonon decay in small diameter ͑Ͻ0.7 nm͒ SWCNTs are reported. A phonon-phonon coupling factor of 0.5 eV results in a decay time of 3.2͑+7 / −3͒ ps at room temperature in agreement with accepted values in graphitictype materials. Decay times vary inversely with T while the dependence on polarization/wave vector, chirality, and diameter is found to be negligible. Nonequilibrium optical phonons with energies of ϳ0.2 eV are found to often decay by emitting two ϳ0.1 eV optical phonons corresponding to out-of-plane polarization modes in graphitic materials. A prominent role for modes polarized perpendicular to the nanotube axis may allow manipulation of hot phonon effects by the near environment of the nanotube. 
